This work presents an analysis of the ion outflow from magnetic reconnection throughout fully kinetic simulations with typical laboratory plasmas values. A symmetric initial configuration for the density and magnetic field is considered across the current sheet. After analyzing the behavior of a set of nine simulations with a reduced mass ratio and with a permuted value of three initial electron temperature and magnetic field intensity, the best ion acceleration scenario is further studied with a realistic mass ratio in terms of the ion dynamics and energy budget. Interestingly, a series of shock waves structures are observed in the outflow, resembling the shock discontinuities found in recent magnetohydrodynamic (MHD) simulations. An analysis of the ion outflow at several distances from the reconnection point is presented, in light of possible laboratory applications. The analysis suggests that magnetic reconnection could be used as a tool for plasma acceleration, with applications ranging from electric propulsion to production of ion thermal beams.
I. INTRODUCTION
Magnetic reconnection is an important physical process occurring when two anti-parallel magnetic field lines encounter. Main feature of reconnection is the sudden restructuration of the magnetic field lines topology into a new more stable and more favourable energetic configuration, accompanied with the release of the magnetic energy priorly stored in the reconnecting magnetic field lines. The released energy concurs to heating and accelerating plasma particles, which makes magnetic reconnection a strongly kinetic process. Historically, magnetic reconnection has been mainly studied in the astrophysical domains to explain explosive astrophysical events such as solar flares and geomagnetic substorms 3, 5, 11, 16, 17 . In terrestrial applications, however, magnetic reconnection is encountered in fusion devices as responsible for magnetic island formation and tearing mode evolution, with detrimental consequences to plasma confinement and sustained fusion power production 30, 33 . Nevertheless, simulations of the ion scale evolution with typical achievable plasma laboratory parameters is still particularly poorly represented in the literature. Previous studies on the reconnection ion dynamics have already been presented for the astrophysical cases 15 and astrophysical reconnection explained with ad-hoc laboratory setup 32 , but to date poor knowledge is shared on the ion dynamics under suitable conditions for terrestrial purposes. To further reduce this gap, in this work we present a parametric study from fully kinetic simulations of the ion acceleration from magnetic reconnection initially set with typical plasma laboratory values.
In particular, we aim at quantifying the effectiveness of magnetic reconnection for plasma acceleration and propulsion. With this purpose, the average outflow velocity across a specific cross section normal to the outflow direction is taken into consideration. From the latter, a specific quantity is especially derived through the ratio of the average velocity and the gravitational acceleration constant g 0 (at sea level), in order to resemble the specific impulse traditionally used to distinguish among different plasma propulsion technologies.
After an initial set of nine runs for hydrogen plasma at a reduced mass ratio m r = 512
with different magnetic field strenghts and electron temperatures, a more detailed analysis of the most promising case is performed by raising the mass ratio to the realistic value m r = 1836. Besides the energetic analysis of the reconnection outflow, we observe the formation of a set of flow shock discontinuities, which partially remind those found by means of magnetofluidodynamics (MHD) simulations 34, 35 .
The paper is structured as follows: Section II gives an exhaustive description of the code used and all the configurations considered in this work. Interesting results are presented in Section III. Finally, Section IV will draw the most important conclusion, as well as point out possible future work directions.
II. SIMULATION SETUP
All simulations have been performed using the fully kinetic massively parallel implicit moment particle-in-cell code iPIC3D 13, 23 . Simulations are addressed in 2.5 dimensions, meaning that all the vector quantities are three dimensional but their spatial variation is solved on a two dimensional plane. This choice allows for a better representation of the evolution projected on a specific plane by maintaining the three dimensional nature of the problem. The code makes use of the following normalizations: lengths are normalized to the ion skin depth
5 is the ion plasma frequency, as well as the time unit in iPIC3D, velocities are normalized to the speed of light c, particles charge is normalized to the electric charge e and mass is normalized to the ion mass m i .
The initial configuration consists of a (20 × 12) d i box with a single not-balanced current sheet. In the simulations, a fixed cartesian frame of reference is adopted, with the x coordinate being parallel to the current sheet, the y coordinate being the direction of the magnetic field change, and the z coordinate completing the reference set in the out-of-plane direction.
By considering a typical density value of n = 10 19 m −3 , it translates to a simulated box size of (144.2 × 86.5) cm (d i = 7.2 cm), which perfectly integrates with the traditional laboratory devices scale. While the initial density is kept constant all over the domain, together with the initial temperature, the magnetic profile across the current sheet follows the widely used hyperbolic function from the Harris equilibrium 3, 12 , which reads
where λ is the current sheet half-thickness, here chosen as 0.5 d i , and B 0 is the asymptotic magnetic field intensity. This specific initial setup partially recalls the not-force-free simulation studied in Birn and Hesse 4 . However, main difference between the two cases is the very low-β attained with the values here considered (i.e. β ∼ 1.6 · 10 −4 ), compared to the high-β configuration proposed in that analysis. An initial perturbation is applied in the middle of the current sheet to trigger the reconnection process at a selected point. chosen within values easily achievable in laboratory using common magnets and heating systems. Also note the larger electron temperature with respect to the ion temperature, as normally encountered in the experimental practice.
To further save computational time, a reduced mass ratio m r = 512 is considered. The space resolution adopted is dx = dy ∼ 0.7 d e (d e the electron skin depth) whereas the temporal resolution is dt · ω c,e = 0.0369 (runs 1 through 3), dt · ω c,e = 0.1182 (runs 4 through 6) and dt·ω c,e = 0.3692 (runs 7 through 9), depending on the specific run to limit the arise of numerical instabilities (ω c,e the electron cyclo-frequency). The last simulation consists of the same configuration as Run 9 in table I (i.e. B = 5000 Gauss and T e = 10 eV) with a realistic mass ratio m r = 1836. With respect to Run 9, the temporal step is now dt · ω c,e = 0.662 and the space resolution is dx = dy ∼ 1.33 d e .
III. RESULTS
This section reports the results from the simulations of section II. Figure 1 shows the evolution of magnetic reconnection under different initial conditions. An increasing outflow velocity is observed as both the temperature and magnetic field increase. In particular, the highest outflow velocity is observed for Run 9 (Fig 1.c) , in condition of high magnetic field and high electron temperature. Also, the reconnection evolution is observed to be particularly rapid, being fully developed already at 10 ω −1 c,i , as can be seen from Run 9 where reconnection is at later stages of development compared to cases of weaker B-field (e.g. the Run 1 and 3).
The formation of secondary islands is observed all over the current sheet, as a conseguence of the initial chosen not-equilibrium (some reminiscence is visible at the edges of the simulated box e.g. at x ∼ 17 d i in figure 1 ). These islands show to have a small amplitude and are being completely wiped out by the main reconnection outflow from the initially perturbated region. The latter underlines the importance of applying an initial localized perturbation to trigger the process at a preferred location. With no initial perturbation, the process would start at few randomly distributed reconnection locations along the current sheet, growing and evolving irregularly until ultimately interacting and merging together to form larger magnetic islands, as explained e.g. in Drake et al. 10 , Pritchett 26 , Oka et al.
24
and Cazzola et al. 6, 7 . Additionally, larger magnetic islands are seen to form and stand near to the region where the reconnection takes origin. This effect is commonly found since the earliest simulations (e.g. Daughton et al. 9 ) and is not seen to be influencing the following analysis, provided that only cross-sections far from this region are considered.
A. Comparison with Simplified Models of the Ion Outflows
This section aims at comparing the ion velocity obtained from the simulations with that from existing theoretical models, such as those described in Priest and Forbes 25 and Simakov and Chacón 27 . Figure 2 shows for each run the ion outflow profiles along the current sheet normalized to the inflow Alfvén speed, as computed considering only the inplane components (i.e. V x and V y ) to address a better comparison with pure 2D models.
Despite this approximation, we noticed an insensibile influence of the z-component compared to the 2D3V case. The inflow Alfvén speed has been evaluated at the location where the three characteristic velocities V i,y , V e,y and
B 2 ·ê y begin to diverge (i.e. 6.8 ≤ y ≤ 9.1 d i , depending on the Run and time considered), whereas the time window was chosen to follow the reconnection region before the formation of the central island. The analysis reveals a maximum velocity outflow nearly half as fast as the inflow Alfvén speed, and equally developed over all runs, followed by a steep velocity drop at the edge caused by the formation of a dipolarization front 20, 28, 29 . Results are charted in table II, second column.
Even though considered at its very first stages, magnetic reconnection develops a series of loss channels causing a remarkable velocity drop from the theoretical Alfvénic value.
However, still noticeable is the nearly constant outflow value held over all the cases, with values up to 0.75 V A (i.e. Run 2).
In the same table we compare these results with those from the model proposed by Sweet the discrepancy between the Simakov -Chacón model 27 and the simulations can be explained by the intrinsic assumptions made in the model, which cause it to fail when the magnetic pressure far exceed the plasma pressure, as occurring in low-β laboratory plasmas. Figure 1 shows that the highest outflow velocity is reached in Run 9 (at higher B-field and T e ). This Run 9 is therefore taken as reference for a further analysis with a realistic mass ratio m r = 1836. Notice that Table II instead states differently: this difference is due to the inflow Alfvén speed to which the velocity values are normalized, which depends on the different inflow conditions. The temporal step is now set at dt · ω c,e = 0.662 and we extended the global simulation time to observe the process over its whole evolution.
B. Results with a Realistic Mass Ratio
First of all, in Figure 3 we show the temporal energy budget shared after the reconnection event between the electromagnetic fields (EM) and particles. E B and E E represent the magnetic and electric energy respectively, whereas E K,tot represents the total energy acquired by particles, such that E K,tot = E d + E th , where E th is the thermal energy and E d the drift energy (not shown in Fig. 3) . These values are normalized to the totale energy
Besides neglecting the electric field energy, we observe that up to 25% of the initial magnetic 
energy is converted to particles energy during the first reconnection stages, with the thermal energy increasingly dominating the budget, to indicate that plasma is initially accelerated and later heated. A steady budget is then reached up to ∼ 25 ω 
Q enth = uU th + u · P, U th = T rP 2 (3)
where U b the bulk kinetic energy, m the mass and n the density, u the directional bulk velocity vector, U th the thermal energy and P is the pressure tensor.
The profiles show an overall dominance of the enthalpy flux over the bulk energy flux, whose outcome highlights how the initial energy released by the reconnection event and quasi-instantly transferred to the plasma is soon being turned into enthalpy. This result was also pointed out in Birn and Hesse 4 , where both PIC and MHD simulations confirmed that in low-β reconnection the enthalpy flux tends to dominate over the bulk energy flux, mainly generated by fluid compression.
In Figure 4 additional interesting features are observed in the reconnection outflows, such as those discontinuity structures, e.g. at 4 and 16 ω the outflow and a growing magnetic island standing near the reconnection point. Finally, a strong entropy rise is observed downstream in between the two oblique discontinuities.
A more irregular situation is instead observed later in time at 16 ω −1 c,i . Particularly noticeable is the series of oblique discontinuities observed within the closed magnetic field.
This structure clearly resembles the diamond-chain described in Zenitani and Miyoshi 35 and Zenitani 34 . The structure is seen to fade out while flowing out, disappearing before reaching the island center. This structure is especially highlighted by an increase in both temperature and entropy, while the density appears to only increment weakly, with the maximum values observed on the magnetic island borders. Finally, the separatrices are again well remarked by ∇ · V, as expected, whereas the straight horizontal line seen at the earlier time is now no longer reported.
Even though a more in-depth analysis would be required (e.g. throughout a Walén test), a first insight into the nature of these discontinuities can already be inferred by analysing the evolution of some relevant quantities across it. Figure 6 shows the evolution of temperature, pressure, entropy and density along the direction perpendicular to the discontinuity plane for the two time frames reported in figure 5 . The profiles are normalized to the upstream value marked with a black circle in panels 6.a and 6.b. Notice that in the abscissa of panels 6.c and 6.d the projection on the x coordinate has been preferred to the normal arc-length for more clarity. Two particular discontinuities are considered for the study, namely the sharp V-shape seen at t · ω c,i ∼ 4 and one of the visible jumps constituting the diamondchain observed at t · ω c,i ∼ 16. In the first case, we observe a pressure increase, as well as an increase in the entropy and temperature. In particular, the density ratio slightly decreases across the discontinuity, with the temperature ratio being larger than the density ratio. Such evolution exhibits the typical behavior of a rarefaction wave 1 . The situation reverses at time t · ω c,i ∼ 16, where a compressive shock wave is encountered. At these later times, all the quantities increase across the discontinuity. The temperature ratio is lower than the density ratio, and the downstream density is greater than upstream. These features highlight a behavior typical of compressive shocks 1 .
To better understand the ions dynamics, Figure 7 shows the ions lagrangian trajectory over the lefthand outflow region at different temporal steps, overplotted upon the outof-plane magnetic field B z and the magnetic field isocontour (black thin lines). The B z colorscale is kept contant over the plots, while the subdomain is shifted along x according to reported in literature 21 .
C. Ions Momentum
The ions dynamics is further studied through the analysis of the average outflow velocity observed across the series of cross sections marked with a purple vertical lines in figure 4 . In analogy with space applications, the average velocity is divided by the gravitational constant to retrieve what in plasma propulsion is known as specific impulse, which is simply
where g = 9.81 ms −2 is the gravitational acceleration at ground level and V x is the average value of the x velocity component. The I sp unit is then seconds.
Three different cross sections are considered over the lefthand outflow shown in figure 4 (dashed purple lines in figure) . The resulting velocity profiles and the mean I sp values are displayed in figure 8 . The profiles have been smoothed for better readability. Additionally,
given the pulsed nature of reconnection, the I sp evolution over time is given in figure 9 for the same cross sections considered earlier.
All the profiles show one or more peaks coinciding with the main outflow stream, whose amplitude is seen to decrease over time once the bulk outflow is past. After this point,
reconnection is considered to be ended, and a new reconnection event might eventually be expected to take place. The positive values observed in the profiles (according the frame of reference here adopted) represent the particular ion dynamics due to the interaction with the magnetic islands formed along the process. The particles recirculation generated within a magnetic island causes the velocity to achieve both positive and negative directions. Later
c,i the process is considered finished. From the results in figure 9 the best outcome is achieved through the cross section at x = 4 d i , which describes the situation at the outer distances. In this region the specific impulse reaches the highest values, and the curve shows a much more regular profile.
Additionally, we observe the peaks to be shifted leftwards and increased in magnitude over the cross sections to indicate an acceleration over the process. Noticeable is also the double peak observed through the cross-section in x = 6 d i , which points out a likely second acceleration of the ions at 22 ω explain such particles acceleration.
D. Energy Evolution in Eulerian Frame
This section aims at giving further insights into the global energy budget under this particular configuration. So far, the budget in the case of symmetric reconnection has long been studied considering an Eulerian frame approach (e.g. Birn and Hesse 2,4 ), which reads
1 2
where S = (Fig. 10 panels d ) , which displays a completely formed magnetic island, is taken as reference for the outflow-island interaction. At t ∼ 4 ω Later in time, in correspondance of the diamond-chain structure within the closed magnetic island at t ∼ 16 ω −1 c,i , we observe a situation similar to the previous step, with a slight ∇ · S decrease followed by an increase in enthalpy, mainly limited to the earliest part of the profile. However, the bulk energy flux now shows a rapidly reversing profile, as the one observed in panel (d1E). The latter suggests the bulk energy is more influenced by the outflow-island interaction than the discontinuity structure, which in turn is mainly acting as plasma heater. Moreover, at the end of the outflow, at around x = 4 d i , the presence of a dipolarization front is highlighted by an increase in the enthalpy and ∇ · S. Finally, the sit-
c,i shows a completely different situation. The remarked electromagnetic energy drop (i.e. ∇·S) around x ∼ 7 d i is now only followed by an increase in enthalpy, while Q b is seen to begin an oscillating escalation only later in the outflow. This latter behavior coincides with the turbulent outflow region seen in figure 4 , where we observe an increment of the plasma thermal energy and a non-linear increase in the plasma bulk energy.
E. Energy Evolution in Lagrangian Frame
To gain more insights into the effective particle behavior within a moving fluid element, it is more interesting to analyse the energy budget by adopting a Lagrangian frame. The bulk and thermal energy equations are now threated separately, and read
where the terms are the same as in the previous equations, in addition with the heat flux c,i , such as an inversion of E · J and a strong heating. The latter is describing the interaction of the outflow with an forming island. Noticeable is also the situation described by equation 9. All the terms are seen to follow the same pattern, with a large variation along the current sheet, except for the case at t ∼ 36 ω −1 c,i . The latter shows an overall weak heating in the island edges, followed by a strong cooling in the inner region, likely due to an expanding evolution. Finally, significant is the sharp increment of the thermal component observed at t ∼ 22 ω is the dominant term. No energy exchange is seen in the outflow, as expected given the peculiar properties of the separatrices in shaping reconnection 21, 22 . Interesting is, however, the quadrupolar flower structure observed in the island between 4 < x < 6 d i , which is later destroyed as the process goes on. This pattern is dominated by the E z · B x term, which in turn is seen to be governed by the field B x (plots not shown here).
Finally, ∇ · S gives an insight into the energy flow magnitude. From Figure 11 we observe that this quantity is predominantly negative, except for some reversed structures seen after the discontinuities analyzed earlier, where ∇ · S becomes strongly positive. The whole evolution is then predominantly driven by the gradient of S x , except for the interaction with a forming island, whereby the S y component plays a more important role. As the reconnection continues, the magnitude becomes particularly irregular, followed by a more collimated pattern along the outflow direction, probably due to secondary reconnection events taking over (e.g. at t ∼ 22 ω c,i ).
As final analysis, we propose in Figure 12 the temporal evolution of the terms in the energy equations 6 and 7, as integrated over the all domain. To represent the single outflow energetics the values are halved thanks to the symmetry of the system with respect to the X-point. We focus only on the Eulerian approach to better understand the energy flows across the whole system. On the whole, we notice the electromagnetic profiles, including 
IV. CONCLUSIONS
This work aimed at analysing the ion dynamics from fully kinetic simulations of symmetric magnetic reconnection in typical laboratory plasma configurations. Simulations were performed using the massively parallel fully-kinetic implicit-moment Particle-in-Cell code iPIC3D 23 . A not-force free unbalanced profile is adopted across the current sheet to signifi- observe that nearly 30 % of the initial energy is given to particles, from which great part of it is subsequently converted into heat. After t ∼ 25 ω c,i we observe a slightly increase in the magnetic field energy, which is thought to be caused by the formation of a secondary island.
In correspondance of this increase, the total particles energy shows a mild drop, with most of this energy being thermal energy. Interestingly, this simulation revealed the formation of a series of discontinuities over the reconnection outflow, as shown in figure 5 . Similar structures were observed in Zenitani and Miyoshi 35 and Zenitani 34 and in relativistic simu- that an increase in enthalpy and velocity divergence is observed within these regions.
Finally, an important goal of this work was to figure out the potentiality of magnetic reconnection in accelerating particles for industrial and space propulsion purposes. Such outcomes in the ion outflow velocity suggests possible applications in the domain of spacecraft propulsion. As such, a parameter similar to the one used in electric propulsion, i.e.
the specific impulse I sp , was taken as quality parameter. Its average value across different simulation box cross sections is evaluated showing very interesting results. The maximum I sp with a hydrogen plasma is as high as 330 · 10 3 s, attained at locations relatively far from the reconnection region and after reconnection is fully developed.
In conclusion, we argue that magnetic reconnection is surely worth being further studied in light of specific applications for particles acceleration. Given its remarkable specific impulse, as well as the high velocity values reached in the outflow, this process appears to be suitable to applications like spacecraft propulsion and generation of ion beams. 
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